H]methionine into 5-methyldeoxycytosine in DNA, respectively. Methylguanines were detected in liver DNA at the first observation time of 6 months of treatment; levels of these aberrant bases decreased or became undetectable at 14 months, and increased in a dose-related manner for the remainder of the study. DNA adducts persisted in the highest dose group throughout the study, repeating the results of a similar study previously reported by this laboratory (Bosan et al, Carcinogenesis, 8, 439-444, 1987) . Linear regression analysis of thymidine and methionine methyl moiety incorporation into liver DNA suggested impairment of maintenance methylation of DNA (5-methyldeoxycytosine) in the middle and high exposure animals. Hepatic adenomas and hepatocellular carcinomas developed in a dose-related manner and were highly correlated to decreased uptake of radiolabel from methionine into DNA 5-methylcytosine. These results are part of a continuing study on alteration of maintenance methylation during hydrazine induction of liver cancer.
Introduction
Hydrazine (NH 2 -NH2) is hepatotoxic and carcinogenic in the rodent. Although the compound is inorganic, its administration to rats, mice, guinea pigs and hamsters results in the rapid formation of the promutagenic bases, 7-methylguanine and C^-methylguanine, in liver DNA (1) (2) (3) . It has been shown that hydrazine reacts with endogenous formaldehyde in liver to form formaldehyde hydrazone (CH 2 =N-NH 2 ) which is metabolically activated to a methylating agent (4) .
Earlier this laboratory (5) conducted a two-year study on the genotoxicity of hydrazine in the hamster because three
•Abbreviations: 5mC, 5-methyl-deoxycytosine.
© Oxford University Press other laboratories had reported that hydrazine exposure had not resulted in the induction of liver cancer in this species (6) (7) (8) . The results of that study clearly demonstrated that chronic administration of hydrazine to hamsters resulted in methylation of liver DNA guanine, but that it was not until considerable hepatic necrosis developed (after more than a year of exposure) that hepatocellular carcinomas became evident; it was concluded that the cytotoxicity played a critical role in the induction of the carcinomas. That study examined animals at 6-month intervals, and it was decided to repeat that study with more frequent intervals for the determinations of methylguanine levels in liver DNA and the onset of significant cytotoxicity.
Maintenance methylation offers a pathway by which a cell can alter its genetic programming quickly in response to environmental changes. Current theories have centered on gradual loss of methylated cytosine bases (5-methyldeoxycytosine, 5mC*) and thus, genetic regulation, leading to aberrant gene expression and the development of tumors. Kanduc and co-workers (9) , observed hypomethylation in both nodular and normal tissue in response to proliferation induced 24 h after partial hepatectomy, as well as a return to normal at 38 h. This same laboratory (10) has also observed hypomethylation following mitogen treatment and hypomethylation and hypermethylation following administration of iV-methyl-A'-nitrosourea. Depletion of methyl groups by feeding a lipotropedeficient diet was found to render animals more susceptible to the action of liver carcinogens (11) , and it has been suggested that this change in susceptibility results from hypomethylation of target organ DNA (12); indeed, it has been shown that a 11-14% decrease in 5-methylcytosine levels in hepatic DNA developed in rats fed a diet devoid of methionine/choline, but only after 22 weeks on the diet (13) . Results of the current study are reported in this and the following paper; this paper confirms the hepatocarcinogenicity of hydrazine and shows that chronic exposure to hydrazine leads to hypomethylation of total target organ DNA and that the hypomethylation is dose related to the development of liver cancer. The following paper (14) reports on gene-specific methylation in the same study; hydrazine exposure induced hypomethylation in p53 and c-jun genes, hypermethylation in c-Ha-ras and DNA methyltransferase genes, and no detectable changes in the methylation status of the genes for v-glutamyltranspeptidase, c-fos, or c-myc genes.
Materials and methods

Animals
Weanling male Syrian golden hamsters (50-70 g body wt), purchased from Charles River Breeding Laboratories (Wilmington, MA), were maintained in quarantine for 1 week prior to use. Animals were housed in Lab Products Microlnsulator cages (eight animals per cage initially, four per cage after 15 weeks on the study) with heat-treated hardwood chip bedding in a Lab Products H5500 DuoFlow Bioclean Animal Housing Unit at the College of Medicine vivarium, University of California, Irvine. Animals were maintained on commercial lab chow ad libitum. Hydrazine sulfate was administered in drinking water (deionized) at dose levels determined in the previous study (0, 170, 340 and 510 mg hydrazine sulfate per liter) (5) . Solutions of hydrazine sulfate were prepared fresh daily. Water consumption was measured at five randomly selected 10-day periods, and animals were weighed every 5 weeks during the study.
Moribund hamsters were killed to reduce tissue loss due to autolysis. Livers from all control and test animals that died during the study were saved for histologic examination. Three animals from each group were sedated with CO 2 
Histopathologic examination of tissues
Slices of liver were preserved in 10% neutral buffered formalin, embedded in paraffin blocks, sectioned and stained with hematoxylin and eosin for microscopic examination Evaluation of slides for indices of necrosis and cancer was earned out in a blind analysis by Dr Paul M.Newberne, Mallory Institute of Pathology, Boston, MA.
DNA analyses
DNA was isolated by the phenolic extraction method of Kirby (15) as modified by Swann and Magee (16). 7-Methylguanine and O^methylguanine levels were determined using the HPLC (strong cation exchange) and fluorescence spectrophotometnc method of Becker and co-workers (2) as modified by Mathison and co-workers (17); levels of detection were 2 (imol 7-methylguanme/mol guanine and 0.5 nmol C^-methylguanine/mol guanine.
DNA synthesis was estimated by measuring the amount of 14 C from [methyl- 14 C]thymidine incorporated into total liver DNA (d.pmJmg DNA); similarly, 5-methylcytosine formation was estimated as the incorporation of radiolabel from L-[methyl- 3 H]methionine into total liver DNA and was not corrected for the amount of methyl-3 H that may have been incorporated into guanine during purine synthesis or formation of formaldehyde hydrazone and subsequent methylation of DNA guanine. To measure the amount of radiolabel in each DNA sample, DNA was hydrolyzed in 0.1 N HC1 at 100°C for 45 min and the levels of radioactivity were determined by liquid scintillation spectrometry.
Results
As with the previous study, the highest exposure to hydrazine resulted in only a slight loss in growth rate (Figure 1 ), but all treated groups showed a decrease in survival rate ( Figure 2 ). The survival rate in this experiment was slightly lower than that in the previous experiment (5); in that study there were survivors in all groups at 24 months, while in this study, no animals in the mid-exposure group survived longer than 21 months.
The actual doses of hydrazine, calculated from water consumption data, were similar to those of the previous study (0, 4.6, 8.3 and 10.2 mg/kg body wt in the previous study versus 0, 4.2, 6.7 and 9.8 mg/kg body wt in the current study). Methylguanines in DNA Levels of 7-methylguanine and C^-methylguanine in liver DNA are shown in Table I . As in the previous study (5), DNA adduct levels showed an initial increase, then a substantial decrease and finally an increase, and levels remained high for the remainder of the study. Unlike the previous study, both Nl-and C^-methylguanine were detected in the highest exposure group at all time points in the study. C^-Methylguanine was formed and persisted in a dose-dependent manner for nearly all of the study period. The decrease in DNA adduct levels occurred at a later time point (14 months versus 12 months) in the current study. Following 14 months of exposure the ratio of Nl-to O 6 -methylguanine approached 1.0 for the middle and high exposure groups. As levels of A7-methylguanine remained fairly constant, levels of C^-methylguanine were equal or greater, suggesting repair of the promutagenic lesion, O 6 -methylguanine, may have been compromised.
Animals from control and 170 mg/1 groups had little or no detectable C^-methylguanine in liver DNA, but high levels of C^-methylguanine were observed in DNA from hamsters exposed to 510 mg/1 and 340 mg/1. Formation and persistence of jV7-methylguanine were observed in all treated groups after 14 months. Histopathological evaluation Liver sections were scored for megalocytosis, intranuclear inclusions, bile duct hyperplasia, cystic hyperplasia in bile duct epithelium and foci of cellular alteration. Megalocytosis, intranuclear inclusions and bile duct hyperplasia increased in the 340 mg/1 and 510 mg/1 exposure groups beginning around 18 months. Foci of cellular alteration, which may be considered as precursors to neoplastic transformations, also appeared to be exposure related beginning around 18 months. Total number of histopathologica] lesions per animal, including necrosis, was exposure related at 21 months. The total number of lesions also showed time related increases starting around 14 months with the 510 mg/1 group, 16 months for 340 mg/1, and 18 months for 170 mg/1 and control. Table II lists the incidence and time of occurrence of liver tumors. The incidences of both adenoma and hepatocellular carcinoma were dose related. The incidence of liver adenomas was 0, 3, 9 and 25% in control, low, middle and high exposure groups, respectively, and the incidence of hepatocellular carcinoma was 0, 0, 3 and 8% in control, low, middle and high exposure groups respectively. As expected, hepatocellular carcinomas developed sooner with increasing dose; first appearance in the highest exposure group was at 18 months and at 21 months in the middle exposure group. Angiosarcomas were seen in three animals (two controls, one high exposure) and leukemia was 100 0 100 Weeks of exposure •Values are mean ± SD (n = 3); n = 2 when no SD indicated. DNA from control animals, with few exceptions, showed no detectable methylguanines; in four samples traces of similar eluting material were detected.
b DNA from one animal available for measurement.
diagnosed in one control animal. Comparatively, the incidence of hepatocellular carcinoma in the previous study was 0, 0, 12 and 34% in control, low, middle and high exposure groups respectively. Only one liver adenoma was seen in the middle exposure in the previous study (5) .
DNA synthesis [Methyl-
14 C]thymidine incorporation into liver DNA was used as an index of replication. No significant differences in thymidine uptake were detected in any of the exposure groups at any time point (Table III) . L-[Methyl- yy formation, which should parallel the rate of DNA synthesis. No significant differences in methylation of cytosine were detected in any group at any time point (Table III) . Significant differences were seen, however, when the ratios of the two incorporation rates for label from thymidine and methionine were calculated.
The relationship between uptake of [ 14 C]thymidine and the methyl moiety from [ 3 H]methionine in normal animals is stoichiometric. In this experiment this relationship was determined by linear regression analysis, [ l4 C]thymidine incorporation (jr-axis) versus [ 3 H]methionine incorporation (>>-axis) for each hamster at every time point in the study; Table IV lists slope, ^-intercept and r 2 values for all the treatments. The data from each group are significantly linear and presented graphically in Figure 3 . The regression lines for both the control and 170 mg/1 groups have a slope of nearly 1.0, indicative of the predicted stoichiometric relationship between uptake of thymidine and the methyl groups from methionine into DNA. For the 510 mg/1 dose group, the slope of the regression line was significantly less than control (P < 0.05); this suggests that as thymidine uptake increased, fewer methyl groups from methionine were taken up into the DNA, that is, 2706 "One point determined an outlier by Cook's Distance and deleted. b P < 0.05 versus control.
hypomethylation of cytosines (decrease in 5-methylcytosine formation) occurred in animals at the higher exposure to hydrazine.
The slope for each regression line (Table IV) for each exposure group (jr-axis) was plotted (Figure 4 ) against the incidence of liver adenoma and hepatocellular carcinoma (y-axis) to examine the effect DNA hypomethylation may have on the formation of tumors. The relationships revealed by this second linear regression analysis on the parameters shown in Figure 4 are indicated by the linear equations y = -194v + 187 (r 2 = 0.982; P < 0.009) for adenomas and y = -61 x + 63 (r 2 = 1.000; P < 0.000) for hepatocellular carcinomas; that is, there is a significant linear correlation with hypomethylation and adenoma development and a perfect correlation with hypomethylation and formation of hepatocellular carcinoma. The data suggest that as liver DNA becomes less methylated, there will be an increase in the formation of both adenomas and hepatocellular carcinomas in the liver. (Table IV) and the incidence of liver cancers for each dose group. Square, adenoma, circle, hepatocellular carcinoma.
Discussion
The dose-dependent induction of liver cancer in the hamster by hydrazine has confirmed the results of the previous study conducted by this laboratory (5). The additional time points added to the current study may have allowed for the increase in the observed frequency of liver adenomas. Substantial decreases in the amounts of methylguanines in liver DNA were seen in both studies around 1 year of exposure. The additional time points in the current study support the complex relationship between repair and formation of DNA adducts in individual animals and between treatment groups observed in the previous study. The results from each study are consistent with the demonstrated ability of the hamster to repair hydrazine-induced aberrant DNA methylation (18); however, the repair capacity is apparently overwhelmed and eventually DNA methylguanines return in a dose-related manner for the duration of the exposure. The elevated ratios of C^-methylguanine to A'V-methylguanine in the highest exposure groups suggest that the hamster is unable to maintain efficient repair of C^-methylguanine, which may have particular relevance to the formation of tumors. Several laboratories have reported on the accumulation of DNA adducts during the repeated exposure to carcinogens, albeit, most of these studies were limited to durations of a few weeks to a few months; these have been reviewed recently by Poirier and Beland (19) . Three recent studies measured DNA adducts over extended periods: acetylaminofluorene-guanine adducts in liver and bladder DNA over a 112 day exposure (20) , DNA adducts in skin over 8 months exposure to benzo[a]pyrene (21) , and DNA adducts in lung during the inhalation of mixed carcinogens for 2 years (22) . In these studies variation in adduct levels was large, but not as great as seen in this study on hydrazine in which only three animals were assayed per time point.
The major finding in the current study was the correlation between apparent hypomethylation of DNA cytosine and tumor development. Analysis of the relationship between the uptake of thymidine into DNA as an index of the rate of DNA synthesis and the uptake of the methyl moiety from Sadenosylmethionine into DNA, which in normal cells should be stoichiometric, indicated that in animals with greater rates of DNA synthesis (thymidine uptake) the rates of maintenance methylation increased at less than the predicted rate. Since normal maintenance methylation of DNA immediately follows replication, the rates of each process are linearly related, and the rate of methylation plotted against replication should be a straight line with a slope of one. In hamsters with higher rates of replication, the rates of methylation were less than those of animals with lower rates of replication; since the higher rates of replication were seen only in hydrazine-exposed animals, it is surmised that hydrazine exposure was the cause of the lessthan-normal maintenance methylation, i.e. hypomethylation.
These findings are supported in a parallel study (14) in which methylation status was assessed by detecting changes in methyl-sensitive restriction of liver DNA from the same hamsters in this study. Restriction fragment length polymorphism measurements provided evidence for hypomethylation in the p53 tumor suppressor gene and in the c-jun proto-oncogene. In contrast to this hypomethylation, restriction analysis also detected hypermethylation in the c-Ha-ras proto-oncogene and the DNA methyltransferase gene. The results of the current study would suggest, however, that overall hypomethylation of total liver DNA appears to predominate in hamsters chronically exposed to hydrazine.
Several possible explanations exist for the apparent hypomethylation of DNA following hydrazine treatment. First, as hydrazine indirectly alkylates DNA, the repair of DNA leads to an increased uptake of thymidine into DNA; an apparent hypomethylation could occur if DNA were being alkylated in regions not containing 5-methylcytosine. This would lead to an increase in thymidine uptake without a corresponding increase in formation of 5-methylcytosine. However, as hydrazine alkylates guanine preferentially, and 5-methylcytosine resides almost exclusively in CpG sequences, it is unlikely that hydrazine induced DNA alkylation would occur preferentially in unmethylated regions of DNA.
Next, as hydrazine can interact with the one-carbon pool (4), which is responsible for the eventual formation of DNA 5-methylcytosine, precursors available for maintenance methylation may be depleted during chronic hydrazine exposure. Thus, as DNA is being synthesized or repaired, the ability to maintain methylation of cytosine residues may be compromised. Poirier and co-investigators have shown that depletion of the methyl donor, 5-adenosyImethionine, by dietary lipotrope deficiency (23) or ethionine treatment (24) can lead to DNA hypomethylation. Barrows and co-workers (25) , however, have shown that hydrazine treatment does not significantly alter 5-adenosylmethionine levels in rat liver.
Also, the presence of C^-methylguanine has been shown to lead to G to A transitions (26) (27) (28) . Moreover, spontaneous deamination of 5-methylcytosine and even DNA methyltransferase-induced deamination have been reported (29, 30 ) each leading to a C-»T transition. Either transition could lead to the loss of either 5mC or G from mCpG sites in DNA.
Also important to the argument for hypomethylation of DNA cytosine is the inefficiency of the methylation of cytosine residues in repair patches (31, 32) ; incorporation of deoxycytidine into repair patches results in a temporary hemimethylated DNA that in non-dividing cells is slowly and incompletely methylated. Since hydrazine-induced genotoxicity can lead to excision repair, and DNA replication (as measured by thymid-ine uptake) in the damage the liver seems to be slow, the observed hypomethylation of DNA in hydrazine-treated animals may be due to this inefficient methylation in repair patches.
Hypomethylation would result in the loss of genetic control and DNA stability provided by 5-methylcytosine. As a result, the potential for enhanced and/or inappropriate gene expression would increase. This could give rise to permanent phenotypic changes in cells and theoretically, neoplasia. Analysis of the relationship between the formation of adenoma or hepatocellular carcinoma and the slope of the maintenance methylation curve is shown in Figure 4 and Table IV . There is a highly significant (P < 0.01) linear relationship between the slope of adenoma incidence and hypomethylation and a perfect linear relationship between hypomethylation and formation of hepatocellular carcinoma.
The results indicate hydrazine induced hepatocarcinogenesis in hamsters is a complex event. Relatively little frank necrosis of the liver developed in any of the animals exposed to hydrazine; development of foci of cellular alteration, thought to be a precursor of liver cancer (33) , showed a dose-and time -response relationship in animals exposed to hydrazine at 340 mg/1 and 510 mg/1 beginning at 18 months/concurrent with the development of hepatocellular carcinoma. Cell proliferation following cytotoxicity was not observed by uptake of radiolabel into DNA at any time point during the 21-month exposure. Furthermore, although the number and severity of histopathologic lesions were generally higher in 340 mg/1 and 510 mg/1, particularly at 21 months, there was no dose-response relationship in any individual lesion during the course of the study. In a separate study, no proliferative DNA synthesis was observed in liver from mice treated with hydrazine at hepatotoxic doses (unpublished data). Thus cellular regeneration following toxicity due to high doses of chemicals is not a likely mechanism of hydrazine-induced hepatocarcinogenesis.
However, the toxicity of hydrazine is evident in the formation of hepatocellular carcinoma and liver adenoma, as well as in hypomethylation of DNA. Moreover, these two events appear to be related. Hypomethylation of DNA may lead to an increased potential for aberrant gene expression. Coupled with the presence of promutagenic adducts in the DNA of hydrazinetreated animals, higher rates of aberrant and mutated gene expression would be expected in animals receiving the highest doses of hydrazine. Formation of tumors would have the highest probability of occurrence in animals with multiple lesions in DNA. The formation of tumors in the current study is consistent with multiple lesions in the liver and the DNA of liver cells induced by exposure to hydrazine.
